The Cancer Genome Atlas (TCGA) sequencing analysis of head and neck squamous cell carcinoma (HNSCC) recently reported on gene fusions, however, few human papillomavirus (HPV) positive samples were included, and the functional relevance of identified fusions was not explored. We therefore performed an independent analysis of gene fusions in HPV-positive oropharyngeal SCC (OPSCC). RNA sequencing was performed on 47 HPV-positive OPSCC primary tumors and 25 normal mucosal samples from cancer unaffected controls on an Illumina TruSeq platform. MapSplice2 was used for alignment and identification of fusion candidates. Putative fusions with less than five spanning reads, detected in normal tissues, or that mapped to the same gene were filtered out. Selected fusions were validated by RT-PCR and Sanger sequencing. Within 47 HPV-positive OPSCC tumors, 282 gene fusions were identified. Most fusions (85.1%) occurred in a single tumor, and the remaining fusions recurred in 2-16 tumors. Gene fusions were associated with significant up regulation of 16 genes (including EGFR and ERBB4) and down regulation of four genes (PTPRT, ZNF750, DLG2, SLCO5A1). Expression of these genes followed similar patterns of up regulation and down regulation in tumors without these fusions compared to normal tissue. Five of six gene fusions selected for validation were confirmed through RT-PCR and sequencing. This integrative analysis provides a method of prioritizing functionally relevant gene fusions that may be expanded to other tumor types. These results demonstrate that gene fusions may be one mechanism by which functionally relevant genes are altered in HPV-positive OPSCC.
The Cancer Genome Atlas (TCGA) sequencing analysis of head and neck squamous cell carcinoma (HNSCC) recently reported on gene fusions, however, few human papillomavirus (HPV) positive samples were included, and the functional relevance of identified fusions was not explored. We therefore performed an independent analysis of gene fusions in HPV-positive oropharyngeal SCC (OPSCC). RNA sequencing was performed on 47 HPV-positive OPSCC primary tumors and 25 normal mucosal samples from cancer unaffected controls on an Illumina TruSeq platform. MapSplice2 was used for alignment and identification of fusion candidates. Putative fusions with less than five spanning reads, detected in normal tissues, or that mapped to the same gene were filtered out. Selected fusions were validated by RT-PCR and Sanger sequencing. Within 47 HPV-positive OPSCC tumors, 282 gene fusions were identified. Most fusions (85.1%) occurred in a single tumor, and the remaining fusions recurred in 2-16 tumors. Gene fusions were associated with significant up regulation of 16 genes (including EGFR and ERBB4) and down regulation of four genes (PTPRT, ZNF750, DLG2, SLCO5A1). Expression of these genes followed similar patterns of up regulation and down regulation in tumors without these fusions compared to normal tissue. Five of six gene fusions selected for validation were confirmed through RT-PCR and sequencing. This integrative analysis provides a method of prioritizing functionally relevant gene fusions that may be expanded to other tumor types. These results demonstrate that gene fusions may be one mechanism by which functionally relevant genes are altered in HPV-positive OPSCC.
Head and neck squamous cell carcinoma (HNSCC) affects nearly 60,000 individuals in the United States annually, and >400,000 individuals worldwide. 1, 2 Within this subset, human papillomavirus (HPV) related oropharyngeal cancer has been increasing in incidence in recent years. 3, 4 Since the discovery of HPV as an etiologic driver and significant biomarker in oropharyngeal squamous cell carcinoma (OPSCC), it has become increasingly clear that these tumors represent a biologically distinct entity. HPV-positive OPSCC occurs in a specific demographic of younger, non-smoking, white males, 5 and it is associated with improved response to treatment 6 and longer overall survival. 5 In spite of improved prognosis, patients with HPV-positive OPSCC still undergo intensive treatment, which could be potentially de-escalated with a better understanding of tumor biology. 7 Recent genome wide sequencing efforts performed to better understand the underlying biology of these tumors have highlighted the differences between HPV-positive and HPVnegative HNSCC. HPV-positive tumors harbor significantly fewer mutations per tumor than HPV-negative tumors 8 and have a genetic profile distinct from tobacco exposure related tumors. 9 While the Cancer Genome Atlas (TCGA) did not report significantly fewer mutations in HPV-related tumors, their results still showed a striking paucity of genetic alterations within targetable oncogenic pathways. 10 The results of recent sequencing efforts highlight our inability to fully characterize the molecular drivers of HPV-related disease through mutational analysis alone.
Structural genetic changes, such as gene fusions, can alter the function of molecular drivers. These have not yet been thoroughly studied in HPV-positive OPSCC. While gene fusions have traditionally been associated with hematologic malignancies, their role is starting to be recognized in solid tumors. In particular, the advancement of sequencing technologies has improved our ability to identify gene fusions in heterogeneous solid tumors. 11 In the head and neck region, a recurring MYB-NFIB gene fusion has been identified in adenoid cystic carcinoma as a prognostic marker and potential therapeutic target. 12, 13 In HNSCC, TCGA provided the first report on gene fusions. Within this sequencing analysis, there were 13,759 predicted gene fusion events in 279 HNSCC tumors, 36 of which were HPV-positive. 10 Among these fusion events, a known gene fusion, FGFR3-TACC3, was identified in two HPV-positive tumors. This gene fusion has been previously reported in multiple solid tumors including nasopharyngeal carcinoma, non-small cell lung cancer, cervical cancer and brain gliomas [14] [15] [16] [17] with potential oncogenic activity. 14 Beyond the FGFR3-TACC3 fusion, no other known gene fusions that involve oncogenes were identified, although EGFR and FGFR3 were noted to occur in fusions with non-recurrent partners. 10 Furthermore, the TCGA gene fusion analysis performed limited filtering steps without biologic validation, leading to high potential for false positive results within the 13,759 predicted fusion events. 18 Within this large number of predicted fusion events, a major challenge is distinguishing which of these identified gene fusions are functionally relevant to the tumor biology rather than passenger alterations. Therefore, we performed RNA sequencing on a larger independent cohort of HPV-positive OPSCC primary tumors for the identification and analysis of gene fusions specific for HPV-related OPSCC. Additional validation was performed by comparison with TCGA, as well as biologic validation in primary tissues. Lastly, we also examined alterations in gene expression in genes associated with fusions. This integrative approach enabled the identification of several gene fusions with potential functional activity in HPV-positive OPSCC.
Material and Methods

Patient samples
Fifty primary tumor tissue samples were obtained from a cohort of patients with HPV-related oropharyngeal squamous cell carcinoma for analysis. The pathology of the primary tumor samples was confirmed by two pathologists, and all tissues were microdissected to yield at least 80% tumor purity. The HPV tumor status was determined using pathologic HPV in situ hybridization for high-risk HPV subtypes or p16 immunohistochemistry. In equivocal cases, using primers designed to detect E6 and E7 of HPV-16 PCR was used to confirm the presence of HPV. Twenty-five normal mucosal tissue samples of the oropharynx were obtained from uvulopharyngoplasty (UPPP) surgical samples in cancer unaffected controls. All tissue samples were collected from the Johns Hopkins Tissue Core, part of the Head and Neck Cancer Specialized Program of Research Excellence (HNC-SPORE). All patients were recruited under an institutional review board approved protocol (#NA_00-36235).
RNA preparation and sequencing analysis
The RNA was extracted from 0.35 mm thick frozen tissue sections using the mirVana miRNA Isolation Kit (Ambion, Forster City, CA) per manufacturer's recommendations. The concentration of RNA was quantified using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA). The RNA quality was assessed using a Agilent RNA 6000 Nano Kit (Santa Clara, CA). The samples were required to achieve an RNA Integrity Number (RIN) of at least 7.0.
After RNA extraction, 47 tumors and 25 normal samples passed minimum quality thresholds. A stranded RNA library was prepared using the Illumina TruSeq stranded total RNA seq poly A1 Gold kit (San Diego, CA) following the manufacturer's recommendations. Next, a ribosomal RNA reduction was performed from 400 ng of total RNA and purified with AMPure XP magnetic beads. The purified RNA was fragmented, primed at 948C for 8 min and stored at 48C. The fragmented RNA was then converted to double stranded cDNA, and the cDNA was 3' adenylated and ligated with barcode adapters. The library was then enriched using PCR and AMPure XP bead purification. The quality and quantity of each library was assessed using the Agilent High Sensitivity DNA Analysis Kit. Sequencing was then performed using the HiSeq 2500 platform sequencer (Illumina), and the TruSeq Cluster Kit for 2x100 bp sequencing. There were approximately 80 million paired reads per sample. The reads were trimmed to remove adapter sequences and low quality reads using Trim Galore (http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/).
The RNA sequencing data were next normalized using the version 2 protocols as developed by TCGA. 10 The RNA sequences were aligned to the GRCh37/hg19 genome assembly using MapSplice2 version 2.0.1.9. MapSplice was run with the default command line arguments and the fusion option to perform fusion identification and quantify read counts in fusions during the alignment. 19 
Fusion analysis
After normalization, additional filtering criteria were applied to identify the candidate fusions and decrease false positive events from misalignment ( Fig. 1 ). Using the fusions identified from MapSplice, we used R (version 3.1.1) to apply additional filtering. Fusions were retained if the following requirements were met: (1) the fusion was required to have a read coverage >5 per tumor, (2) the fusion was not identified in normal tissue, and (3) the fusion mapped to two different genes, or between a gene and non-coding region.
Next the candidate fusions were visualized in the Integrative Genome Viewer (IGV, Broad Institute, version 2.3.36, 20 and the fusions were included if one or more of the following conditions were met: the fusion (1) spanned across different chromosomes, (2) connected exons of two different known genes, (3) connected exons of the same gene but in reverse order, (4) changed strands, (5) connected introns or noncoding regions of a gene in reverse order, that is, read out of frame, or (6) connected a noncoding region to a transcribed region of a gene in frame, but spanning across a distance of >200,000 bp. The putative fusions were excluded if they (1) connected exons of the same gene in frame, or (2) connected non-coding regions surrounding the gene (possible alternative start or end site for the gene) in frame at distance <200,000 bp.
Comparison with TCGA data
MapSplice was also used by TCGA to identify fusions in HNSCC tumors. 10, 19 The data regarding fusions, genes associated with fusions and coverage read counts for each tumor were obtained from Supporting Information 3.1.8 published in the TCGA paper. 10 The analysis was restricted to the 36 HPV-positive tumors. Fusions identified in TCGA were again required to have a read coverage greater than five per tumor for inclusion. Because the fusions were not analyzed within normal tissue in TCGA, no comparisons were made between tumor and normal tissue.
Gene expression analysis
Gene expression values were quantified using transcript models based on the TCGA methods using RSEM version 1.2.9 and upper quartile normalized, according to the TCGA normalization protocol. 10, 21 The gene expression values of donor (the first gene in the fusion) and acceptor (the second gene in the fusion) genes of a fusion were compared between tumors with the fusion of interest and normal tissue, and the log fold change of gene expression was compared. Based on the distribution of log fold change values among all genes analyzed, log fold change values that were greater than two standard deviations above or below the median were identified as significant. Next, the overall gene expression was compared between normal tissue and all primary tumor samples using a Wilcoxon test and adjusted for false discovery rate (FDR) using Benjamini-Hochberg correction. 22 
PCR validation
Selected gene fusions were validated using RT-PCR and Sanger sequencing. The primer pairs were designed for each fusion, with primer sequences flanking the fusion, using the assistance of Integrated DNA Technologies PrimerQuest tools (Supporting Information Table 1 ). The RNA was isolated using the protocol described above. Reverse transcription to generate the cDNA was performed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Forster City, CA). The DNA was isolated from similarly prepared 0.35 mm thick frozen tissue cuts, which were digested in a 1% SDS (Sigma-Aldrich, St. Louis, MO) and 50 lg/mL proteinase K (Invitrogen, Carlsbad, CA) solution at 488C for 48 hrs. The DNA was then purified by phenol-chloroform extraction and ethanol precipitation. Touchdown PCR was performed using DNA or cDNA isolated from the tumors harboring the fusion of interest, based on sequencing analysis. The DNA and cDNA isolated from UPPP specimens were used as negative controls. The PCR products of correct length based upon primer design were purified, and Sanger sequencing was performed. The sequences were aligned to 
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donor and acceptor genes to map and confirm gene fusions using the GRCh37/hg19 genome assembly.
Results
Characterization of fusions
Using MapSplice alignment algorithms, 21,728 putative fusion events were identified in 47 HPV-positive oropharynx tumor samples (Clinical data, Supporting Information Table 2 ). We applied the filtering algorithm summarized in Figure 1 . After filtering to require read coverage to be five or greater, 9,678 putative fusions remained. Next, fusions occurring in normal samples were removed, leaving 4,852 putative events. Then, when requiring fusions to map to either two different genes, between a gene and a noncoding region, or to be read out of frame, 294 fusions remained. Of these, 282 could be confirmed using IGV visualization (Supporting  Information Tables 3 and 4) . Notably, 29 fusions mapping to the same gene were retained because the fusion was read out of frame.
Of the 282 fusions identified from 47 HPV-positive OPSCC tumors (Supporting Information Table 4), 219 (77.7%) were intra-chromosomal and 63 (22.3%) were interchromosomal. The distribution of fusions per tumor showed that a majority of tumors (45, 95.7%) harbored at least one fusion. The median number of fusions per tumor was five (standard deviation 8.6, range 0-34). The frequency of fusions was analyzed showing that most (240, 85.1%) fusions were unique, occurring only in a single tumor. The remaining fusions recurred in between 2 and 16 tumors. About half of the gene fusions identified (51.4%) involved a non-coding region (denoted as "NA") at either the donor or acceptor end of the fusion, and 38.3% of fusions involved two unique genes. Of gene fusions involving a non-coding region, 25 (17.2%) spanned across different chromosomes, and 10 (6.9%) involved a strand switch.
Comparison with TCGA
The set of 282 gene fusions was then compared to gene fusions that were identified through TCGA. 10 Similar to the distribution seen in our filtered cohort, 80% of these gene fusions were intra-chromosomal. Of the 13,759 fusion events, there were 4,821 unique gene fusions. Within HPV-positive tumors of TCGA, 759 unique fusions were identified. To harmonize our algorithm filters, fusions with read coverage less than five were removed from the TCGA fusions, and this left 281 fusions. When fusions lists were compared, 10 gene fusions were found to overlap between the two cohorts ( Table 1) . These overlapping gene fusions included the previously published FGFR3-TACC3 gene fusion (chr4chr4:1808661-1741429). 10, 14, 15 While this exact gene fusion was only identified in one tumor in TCGA, another fusion between these two genes was identified in a second HPV-positive tumor in TCGA. The other gene fusions identified with overlap in TCGA were: NA-PDE4DIP, NA-STOX2, KRT14-KRT16, NA-CYP19A1, TFG-GPR128, ZNF750-TBCD, CASZ1-CTNNBIP1, FTO-NA and SHANK3-NA.
Gene expression changes
In order to elucidate whether the identified gene fusions may have potential functional implications, the mRNA expression of genes involved in the identified gene fusions was analyzed. The 282 gene fusions involved 318 unique genes, of which 306 had gene expression data available. Expression of these genes was compared between tumors harboring a fusion involving the gene of interest and normal tissue. The median ratio of gene expression in tumors with fusions compared to normal tissue was 1.24. A majority of genes (63.7%, n 5 195) showed increased expression in association with a fusion. Sixteen genes, including EGFR, ERBB4, KRT14 and KRT19, showed significant up regulation in association with a fusion, and 4 genes (SLCO5A1, DLG2, ZNF750 and PTPRT) showed significant down regulation (Table 2) . Although not statistically significant, PTEN also showed down regulation in 
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Gene expression was compared between tumors harboring a fusion and normal tissue. Log transformed ratios were compared, and transformed ratios that were greater than two standard deviations above or below the median are shown. Sixteen genes were associated with overexpression in the presence of a fusion, and four genes were associated with underexpression (grey, bottom). Fusion genome positions are based on GRCh37/hg19 assembly.
association with a fusion, with a log fold change of 21.85. The median gene expression in tumors lacking a fusion in the gene of interest is also shown in Table 2 . In fusions associated with over-expression, gene expression was uniformly higher in tumors with a fusion compared to median expression of tumors without a fusion. Similarly, in fusions associated with decreased gene expression, expression was 5-29 times lower in tumors with a fusion compared to the median expression of tumors without a fusion. Notably, three fusions associated with significant gene expression changes were also identified in the TCGA cohort (TFG-GPR128, ZNF750-TBCD and KRT14-KRT16, with differential expression in underlined gene). Two genes, GPR128 and ZNF750, showed parallel gene expression changes in TCGA. The TFG-GPR128 fusion was associated with increased expression of GPR128 (ratio of gene expression in tumor with fusion compared to median of normal: 580.5 in TCGA vs. 1004.1 in JHU cohort). There was also decreased expression of ZNF750 in the presence of the ZNF750-TBCD fusion in both cohorts (ratio: 0.142 in TCGA vs. 0.0287 in JHU). The KRT14-KRT16 gene fusion was not associated with overexpression of KRT14 in TCGA (ratio: 0.466 in TCGA vs. 19.5 in JHU). However, the tumor with the KRT14-KRT16 fusion in the JHU cohort that showed increased expression of KRT14 also harbored an APAF1-KRT14 fusion, which was not identified in the TCGA cohort.
Next, genes with significant changes in expression were compared globally between all tumors and normal samples. The 16 genes up regulated in association with a fusion were analyzed in the full cohort of tumor and normal samples. Gene expression of these genes was up regulated across tumor samples compared to normal tissue, with statistically significant up regulation in seven (43%) of these genes (Fig. 2a) . Tumors with a fusion had the maximum gene expression of the cohort in 13 (81.3%) of the up-regulated genes. A similar comparison was performed on the four genes with down regulation in association with a fusion, and three genes (75%) showed statistically significant down regulation in tumors (Fig. 2b) . Similarly, tumors with a fusion in a down regulated gene had the lowest gene expression of the cohort in 75% of the genes.
RT-PCR Validation
Six fusions were selected for RT-PCR validation in primary tumor samples. Fusions selected for validation were restricted to those involving two genes, and those with either overlap with TCGA or associated with significant changes in gene expression. Using these criteria, we selected the following six fusions for validation: FGFR3-TACC3, TFG-GPR128, PTEN-LIPJ, BGALT-ERBB4, ZNF750-TBCD and RALY-PTPRT (Table 3) .
Using RNA from the tumors identified to harbor each fusion, five fusions could be validated using RT-PCR and Sanger sequencing (Fig. 3) . Additionally, one of these fusions (FGFR3-TACC3) was also able to be validated in tumor DNA, which identified the location of the fusion alteration at the intronic DNA level. Sequencing showed that this fusion occurred within the intron before the last exon of FGFR3, then reversed the order of the genes, connecting to TACC3 in the intron prior to the last five exons. The Sanger sequencing revealed matching sequences with a single base pair insertion between fused sequences. The PTEN-LIPJ gene fusion included the first two exons of PTEN, skipped an intervening gene RLNS, and connected to the second exon of LIPJ. The BGALT5-ERBB4 gene fusion connected the first exon of BGALT4 on chromosome 20 to the third exon of ERBB4 on chromosome 2. The TFG-GPR128 gene fusion was identified between the third exon of TFG and the second exon of GPR128, also reversing the order of the genes. Lastly, the RALY-PTPRT gene fusion connected the first exon of RALY to the 7th intron of PTPRT, spanning a distance of 8 Mb across chromosome 20.
Discussion
Our understanding of gene fusions in the setting of heterogeneous solid tumors has grown substantially, boosted by the advent of next generation sequencing. 23, 24 The potential benefits of characterizing solid tumor gene fusions include both therapeutic and diagnostic applications. Gene fusions that result in activation of relevant oncogenes, such as those in protein kinases which were recently identified in several cancer types through TCGA, 25 could represent potential therapeutic targets, as exemplified by the use of Imantinib to target the BCR-ABL1 fusion. 26 For instance, the FGFR3-TACC3 gene fusion has been identified in multiple cancer types [14] [15] [16] [17] and has been shown to display oncogenic activity in in vivo models. 27, 28 Additionally given that gene fusions are unique to tumors, they also have the potential to be utilized as biomarkers for noninvasive diagnosis 29 or evaluation of prognosis. 12 In this study, we also highlight how correlation of gene expression analysis with identified fusions can prioritize functionally relevant genes.
To date, TCGA has been the first study to report gene fusions present in HPV-related head and neck cancer. 10, 25 To expand on this study, we performed a comprehensive analysis of gene fusions in a larger independent cohort of HPVpositive OPSCC tumors with additional biologic validation. In this data set, few gene fusions were frequently recurring, and these fusions primarily were associated with a noncoding partner. Instead, most gene fusions were sporadic, occurring in a single tumor. However, ten gene fusions that were identified in our cohort could also be independently validated in TCGA.
The identification of gene fusions using RNA-seq still remains a computational challenge with potential for misalignment allowing for false positive results. 24, 25, 30, 31 Our current study utilizes some strategies published in the literature, including requiring a minimum read coverage 18, 25 and categorizing fusion reads in normal tissue as misalignments. 32 These challenges also highlight the importance of biologic validation for the detection of gene fusions in primary tissue, which was not performed in prior publications of TCGA data. Using gene expression changes to prioritize gene fusions of interest, we selected six gene fusion for validation, and five of six (83%) could be validated in primary tumor RNA. One gene fusion, which was associated with down regulation of gene expression, was not able to validated using PCR 
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methods, potentially related to the decrease in overall expression. Additionally, one gene fusion (FGFR3-TACC3) was able to be validated in both DNA and RNA, likely due to a relatively short intronic sequence (<1.5 kb) which enabled amplification of a viable PCR product. As not all fusions were subjected to validation, the current study is limited by similar potential for false positive results. For instance, gene fusions which included a non-coding region represented 51.4% (n 5 145) of the gene fusions identified. These putative fusions could potentially represent undocumented splice variants, although 25 of these fusions were intra-chromasomal, 10 involved a strand switch, and 20 spanned a distance >1,000,000 bases. Another limitation in this study is that the identified gene fusions were primarily private, occurring only in a single tumor. However, this phenomenon has been observed in other solid tumors. [33] [34] [35] In contrast, gene expression changes associated with these fusions were observed to be pervasive among the whole tumor cohort. Genes with up regulation in the presence of a fusion, such as EGFR and TBCD, were also up regulated in tumors as a whole when compared to normal tissue. These gene expression changes were augmented in the presence of a fusion, as tumors with a fusion had the highest level of gene expression among the tumor cohort in 81% of up-regulated genes and lowest expression in 75% of downregulated genes. The fusion may represent one mechanism of gene activation or suppression, where other tumors without a fusion may rely on other mechanisms to achieve gene expression changes, including transcriptional, genomic, and epigenetic alterations. For instance, the gene PTPRT was seen to be down regulated in association with a gene fusion, but PTPRT was also significantly down regulated in tumors without a gene fusion. This could be mediated by frequent promoter hypermethylation of PTPRT, which has been reported in HNSCC tumors. 36 Some particularly relevant genes appear in the list of genes that are affected by the presence of a gene fusion including EGFR, ERBB4, ZNF750 and PTPRT. These results suggest a potential functional role in HPV-positive OPSCC. Additionally, although not statistically significant, PTEN was also observed to be down regulated in the presence of a gene fusion that was biologically validated. EGFR has long been recognized as a functionally relevant gene in HNSCC with overexpression in up to 90% of tumors, 37 and it remains the only gene targeted by an FDA-approved therapy for HNSCC. ERBB4, or HER4, is another member of the epidermal growth factor tyrosine kinase receptor family, and the related ERBB2 is mutated in 4% of HNSCC tumors.
10 ZNF750 regulates late epidermal differentiation by inhibiting progenitor genes, 38, 39 and mutations were identified in 4% of the TCGA HNSCC cohort 10 as well as in esophageal SCC. 40 PTPRT is a negative regulator of STAT3 signaling, 41 and inhibition of this gene has reported in HNSCC tumors through promoter hypermethylation in HNSCC tumors 36 as well as inactivating mutations in both HNSCC and colorectal tumors. 42, 43 Several other relatively unexplored gene candidates were identified, including genes in the dynein family (DNAH6, DNAH12, DNAH17) and tubulin cofactor (TBCD), which may play roles in centromere formation 44 and intracellular transport of molecules, including p53. 45 Future studies may further elucidate the functional role of these fusion candidates.
In conclusion, RNA sequencing analysis of 47 HPVpositive OPSCC primary tumors revealed 282 gene fusions, 10 of which were also present in the TCGA cohort. By integrating gene expression analysis, the most relevant gene fusions were prioritized, and the potential functional role of these gene fusions were elucidated. Furthermore, identification of gene fusions can highlight globally relevant genes in which tumors have utilized gene fusions as a mechanism for gene activation or suppression. This is supporting evidence that gene fusions in HPV-positive OPSCC may be one mechanism by which functionally relevant gene targets are altered.
